Introduction
[2] The Alborán Sea (Figure 1 ) connects the Mediterranean Sea with the Atlantic Ocean through the Strait of Gibraltar. It is a highly dynamic and biologically productive region mainly forced by the Atlantic Jet (AJ) moving through the Strait. In recent years, several studies have described the physical and biological coupling in this area, using in-situ data [e.g., Macías et al., 2006] , modeling [Macías et al., 2007a] and remote sensing associated with sea surface temperature [e.g., Parada and Canton, 1998 ], altimetry data [Larnicol et al., 2002; Snaith et al., 2003; Isern-Fontanet et al., 2006; Pascual et al., 2007; Jordi and Wang., 2009] and ocean color images [García-Gorriz and Carr, 1999; Macías et al., 2007b; Vázquez et al., 2009] .
[3] In addition, Macías et al. [2008] have established the relationship between meteorological forcing and the distribution of biogeochemical variables in the north-western Alborán Sea. During a westerly wind regime, lower sea level pressure (SLP) in the Mediterranean enhances the inflow of the Atlantic waters through the Strait, increasing the AJ velocity and displacing the jet towards the Spanish coast. This reinforces the coastal upwelling and, therefore, increases the nearshore chlorophyll concentration. Higher SLP in the Mediterranean (associated with easterly winds in this region), diminish the inflow of Atlantic waters, decrease the jet velocity and cause its southward displacement [García-Lafuente et al., 1998 ], which diminishes the coastal upwelling . Moreover, Vázquez et al. [2009] have described how chlorophyll-rich coastal waters are transported to the main channel of the Strait (at the Camarinal Sill, CS) during the generation of internal waves [Macías et al., 2010; Bartual et al., 2011] , and how the chlorophyll patches associated with the front of the internal waves travel into the Alborán Sea [Macías et al., 2006] .
[4] The availability of satellite imagery of hydrodynamic and biological variables for the same period has allowed us to investigate the main temporal and spatial patterns of covariability between ocean surface chlorophyll (CHL) and absolute dynamical topography (ADT) in the Alborán Sea. Since the Mediterranean Sea is nutrient-limited, its biological production is closely coupled to the physical processes that provide nutrients to the surface . In this context, we have studied the relationships between meteorological and hydrodynamical processes and the modes of variability of surface CHL distribution as a proxy for phytoplankton biomass. For this purpose, we have performed a Singular Value Decomposition (SVD) analysis [Prohaska, 1976; Wallace et al., 1992; Bretherton et al., 1992] of remotely-sensed estimates of CHL together with simultaneous altimetry satellite data for the 12-year period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . To make the research more comprehensive, SLP data for the western Mediterranean have been included in the analysis to study the relationship between meteorology, hydrodynamics and plankton distribution.
Material and Methods

Ocean Color Data
[5] Ocean surface CHL data were downloaded from the GlobColour Project (http://www.globcolour.info/) which produces global ocean color maps (Level-3) by merging the data from the three sensors SeaWiFS, MODIS and MERIS, for the period between January 1998 and December 2009. With these data sets, cloud cover is reduced and, therefore, more useful images become available. Spatial and temporal resolutions of these composite images are 4 km and 8 days respectively. The Region of Interest (ROI) is located in the western Mediterranean, at the western end of the Alborán Sea (35°-37°N and 6°12′-2°30′ W). A set of 552 8-day composite images have been used to performed the SVD analysis. For a successful application of the SVD analysis methods described below, the pixels with gaps in the CHL composite images are filled using the mean of a 3 Â 3 box of surrounding pixels. As a final step before applying the statistical analysis, the remaining spatial gaps are filled by including the temporal means of each pixel. Before performing the SVD, temporal means for each pixel were subtracted [Björnsson and Venegas, 1997] .
Altimetry Data
[6] The Absolute Dynamic Topography (ADT) data are delayed-time (dt) gridded and merged products with spatial resolution of 1/8°and temporal resolution of one day. These data were provided by AVISO (http://www.aviso.oceanobs. com) covering the entire Mediterranean Sea and combine information from different missions, which significantly improves the estimation of mesoscale signals [Le Traon and Dibarboure, 1999; Le Traon et al., 2001] . To achieve consistency with the temporal resolution of CHL data (8 days), we have averaged eight daily ADT images for the same time period as the CHL composite (8 days). A total of 552 gridded ADT data sets, running from January 1998 to December 2009, was obtained. As with CHL, before performing the SVD, temporal means for each pixel were subtracted [Björnsson and Venegas, 1997] .
Sea Level Pressure Data
[7] Sea level pressure data for the western Mediterranean Sea (35°-40°N and 5°W-5°E) were downloaded from the NCEP (http://www.esrl.noaa.gov/psd/) data base. The original daily data (NCEP/NCAR Reanalysis 1 [Kalnay et al., 1996] ) were averaged over the same period as the CHL composite (8 days) between January 1998 and December 2009, to match the CHL and ADT time series.
Singular Value Decomposition
[8] To investigate the combined spatial and temporal covariability between chlorophyll (CHL) and absolute dynamic topography (ADT) data, a SVD technique was employed. The SVD was performed on the cross-covariance matrix between the un-normalized values of each field (CHL anomalies and ADT anomalies) to identify pairs of coupled spatial patterns and their temporal variation, with each pair explaining a fraction of the covariance between the two fields Wallace et al., 1992; Björnsson and Venegas, 1997] . The methodology used in this study is described by Bretherton et al. [1992] and Björnsson and Venegas [1997] . The results of this analysis produce both a right and a left spatial pattern, and distinct time series for each one. Each leading pair of spatial patterns represents the maximum covariance between the CHL and ADT, and successively smaller fractions of covariance as the singular value decreases [Bartolacci and Luther, 1999] . The Squared Covariance Fraction (SCF) represents the magnitude of covariance explained by an individual pair of singular vectors and was calculated following Björnsson and Venegas [1997] .
[9] The heterogeneous correlation map was created by calculating correlation coefficient vectors between the second expansion coefficients of the ADT and the CHL values at each grid point. This map indicates how well the grid points in one field can be predicted from the expansion coefficient derived from the other field [Björnsson and Venegas, 1997] . This map is produced by plotting R (the correlation coefficient) between the time-series of a given mode and the original data of the opposite field. For this study, these heterogeneous maps can be particularly important for observing how the chlorophyll field varies with respect to the seasonality of the physical forcing in the form of ADT.
Results
[10] Figures 1a and 1b display the averaged fields (between 1998 and 2009) for CHL and ADT in the Alborán Sea. The highest levels of CHL ( Figure 1a ) were located on the northern limit of the West Alboran Gyre (WAG), in a coastal band north of CS and on the Moroccan coast of the Gulf of Cádiz, whereas the lowest CHL concentration were found in the centre of the WAG, within the Strait of Gibraltar and in the eastern part of the Alborán Sea. These patterns have been described and analyzed in previous studies [García-Gorriz and Carr, 1999; Baldacci et al., 2001; Navarro and Ruiz, 2006; Macías et al., 2007b] . ADT climatology (Figure 1b) shows the typical hydrodynamical field in the area, with the WAG described in many studies [e.g., Arnone et al., 1990; Millot, 1999] .
[11] The two leading SVD modes of coupled CHL and ADT variations account for 97.1% of the total square variance (SCF). The first SVD mode accounts for 87.7% of the SCF. The spatial patterns of this first CHL mode (Figure 1c) show maxima within the Strait and on its north coastline running both west and east from Gibraltar. The maxima are reached during late summer and autumn (Figure 1g ). The spatial patterns of the first ADT mode (Figure 1d ) present positive values in the whole basin and maximum temporal values during autumn (Figure 1g) . A spectral analysis of the expansion coefficient reveals an annual signal in the CHL time series and annual and semiannual signals in the ADT time series ( Figure S1 in the auxiliary material).
1 The correlation coefficient between the expansion coefficients of the SVD#1 (CHL vs ADT) is very high for this type of analysis (R = 0.46, p < 0.01); this suggests a tight coupling between hydrodynamics and phytoplankton abundance (Table S1) .
[12] The second SVD mode represents 9.4% of the SCF. The spatial pattern of this second CHL mode (Figure 1e) show very sharp gradients on the northern limits of the WAG, where the AJ is usually located. In the central and northern parts of the AJ, the mode shows positive values whereas it quickly shifts to negative in the south. However, the ADT mode (Figure 1f ) displays positive values in the WAG and negative values in the northern part of the basin. The spectral analysis on the expansion coefficient reveals an annual and a semiannual signal in the CHL and ADT time series ( Figure S1 ). The annual maxima in the CHL time series (Figure 1h ) occurs in late-winter and early-spring. The correlation between the expansion coefficients of the SVD#2 (CHL vs ADT) is higher (R = 0.64, p < 0.01) than that calculated for SVD#1; this reflects an even stronger coupling between physics and biology in the dynamics of the second mode (Table S1 ). The correlation coefficients between CHL#1 vs ADT#2 and CHL#2 vs ADT#1 are 0.03 and À0.03 respectively, not statistically significant in either case (p > 0.5, Table S1 ).
Discussion
[13] Using SVD analysis has enabled a study of the covariance between hydrodynamics and phytoplankton distribution in the western Mediterranean. The entirely positive map of the first ADT mode (Figure 1d) indicates that its value rises or descends synchronously in the whole basin. This dynamic suggests a connection with atmospheric pressure forcing, through the inverse barometer response of sea level. Although a significant fraction of the sea level variability is caused by steric effect, sea level in the Mediterranean also is highly variable related to the multiple forces driving the Mediterranean circulation [e.g., Vigo et al., 2005; Criado-Aldeanueva et al., 2008] . The high degree of coherence between SLP and the first mode in the crossspectral analysis ( Figure S1 ) supports that idea. Note also that, for both SLP and the first temporal mode, most of their variance is located in the same frequency ranges ( Figure S1 ).
[14] The impact on chlorophyll distribution of this physical process is captured by the first CHL mode. A reduction of SLP causes the sea level to rise in the Alborán Sea and, therefore, creates a demand for water that increases the transport by the AJ to levels above its mean value. The reverse holds when SLP increases. During low SLP events, the enhanced eastward transport can advect more chlorophyll from the Gulf of Cádiz into the Mediterranean through the Strait than during mean SLP conditions.
[15] The Trafalgar shallows, east of the Strait, are very productive waters owing to the tidal mixing of the water column [García-Lafuente and Ruiz, 2007] . Tidal current also creates large-amplitude internal waves over the Camarinal Sill which are able to transport chlorophyll-enriched coastal waters toward the central zone of the Strait [Vázquez et al., 2009; Macías et al., 2010; Bartual et al., 2011] . The frequent nature of this process (1 or 2 events a day) facilitates the eastward advection of chlorophyll from the Atlantic to the Mediterranean. This hypothesis of chlorophyll transport is also reinforced by the temporal coincidence between the maxima of the first CHL mode and the reported phytoplankton evolution in the Trafalgar area [Navarro and Ruiz, 2006] .
[16] It is important to notice that this chlorophyll dynamic was not identified in a previous (individual) CHL SVD analysis of the basin [Macías et al., 2007b] . The reason is that, in our coupled analysis, the first mode is assigned to the mode that explains the major part of the covariance (between ADT and CHL variables) while in the Macías et al. [2007b] work it was assigned to the mode that explained the major part of the CHL variance alone. Our first mode explains, in connection with the inverse barometer response, as much as 5% of the CHL variance in the region where CHL concentration shows the greatest variability (see Figure S2) . The work by Macías et al. [2007b] did not include the coupled analysis of CHL and ADT covariance through SVD. Without this coupled analysis, the response of phytoplankton to the inverse barometer effect is masked by the high variance of chlorophyll at the north western Alborán Sea. Therefore, only the joint physical and biological SVD analysis has provided clear evidence of this process affecting chlorophyll distribution in the Strait of Gibraltar and its nearby areas.
[17] The tight control of physical factors over the biology of the Alborán Sea is also evident when analyzing the characteristic features of the second mode. The heterogeneous map shows areas with very high correlation coefficients between the second expansion coefficients of the ADT and the CHL values (Figure 1i ). These areas correspond to the regions with the highest and lowest chlorophyll concentrations in the climatological map of the basin (Figure 1a) . Therefore, the distribution of eutrophic and oligotrophic waters in the Alborán Sea can be satisfactorily explained by the physical processes forcing the basin dynamics. CHL highs only happen under SLP lows, resulting in a strong negative correlation between the SLP and the expansion coefficients of the second mode (SLP vs CHL#2 R = À0.54, p < 0.01; SLP vs ADT#2, R = À0.45, p < 0.01, Table S1 ). This correlation is also supported by the results of cross-spectral analysis, which yields significant coherence values for both pair of series in the frequency band where they locate their maximum variance ( Figure S1 ).
[18] A decrease in SLP over the western Mediterranean besides reinforcing the AJ, also favors westerly winds in the Alborán Sea . Both processes strengthen the anticyclonic circulation of the WAG. In addition, westerly winds activate the coastal upwelling in the north western Alborán Sea [García-Gorriz and Carr, 1999] . When the SLP rises, easterlies are favored and the Ekman transport piles up water near the northern coast. The sea level falls in the zone occupied by the WAG and the subinertial flows weaken the AJ [García-Lafuente et al., 1998; Macías et al., 2008] . These physical processes involve downwelling and decreasing cyclonic circulation in the northwest, with a subsequent reduction of primary production in this area.
[19] In conclusion, the coupled SVD analysis of CHL and ADT has detected dynamical features of the Alborán Sea that had not been recognized in previous research on the primary production of this basin. Besides confirming the tight control exerted by physical processes on the phytoplankton distribution of the region, this technique has evidenced the importance of chlorophyll advection through the Strait. This advection implies that a significant portion of the chlorophyll detected by satellites at the western Alborán Sea was produced in the Gulf of Cádiz and transported eastward to the Mediterranean through the Strait of Gibraltar.
